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Bilayer films from thermoplastic starch and cast amorphous PLA were obtained by compression 
moulding, incorporating or not cinnamaldehyde in the PLA layer. Films were characterized as to their 
microstructure and barrier, tensile and optical properties, as well as thermal behaviour, X-Ray 
diffraction pattern and FTIR spectra. Bilayers using semicrystalline PLA, instead of starch, were also 
analysed for comparison purposes. Despite the lower ratio of cast PLA sheet in the bilayer assembly 
(about 1/3 of the film thickness), a great improvement in tensile and water vapour barrier properties 
was achieved with respect to the net starch films, the films maintaining high transparency and oxygen 
permeability as low as starch films. When cinnamaldehyde was included in the cast PLA sheet, films 
became thinner due to the losses of the volatile active during processing, but the improvement in 
barrier properties was maintained, with lower mechanical resistance. Thermal analyses revealed 
diffusion of cinnamaldehyde or low molecular weight compounds from cast PLA layer to the adhered 
sheets (starch or semicrystalline PLA) which contributed to plasticizing the amorphous regions and 
affected crystallization pattern of PLA, as also revealed by the X-Ray diffraction patterns. The obtained 
results offer an interesting option to obtain high barrier-highly resistant active films from thermoplastic 
starch and amorphous PLA, including cinnamaldehyde as active compound.  
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1. INTRODUCTION 
Although petroleum-based plastics are still extensively used in the food packaging area, they 
represent one of the biggest environmental issues as regards the exhaustion of natural resources and 
the accumulation of non-biodegradable materials. The development of more ecological alternatives, 
reducing the amount of materials used for packaging or recycling are necessary to respond to this 
environmental problem. In this sense, bioplastics, that are either biodegradable or bio-based polymers, 
represent an adequate alternative. Although biopolymers do not exhibit excellent functional properties 
in terms of mechanical performance, thermal stability or barrier properties, they have been the subject 
of an increasing number of studies for the purposes of improving them, thus obtaining a functionality 
comparable to that of petrochemical plastics. One of the most promising biopolymers is poly(lactic) 
acid since it exhibits many advantages; it is biodegradable, renewable and biocompatible and has 
been approved by the Food and Drug Administration (FDA) for direct contact with biological fluids. It is 
highly transparent and exhibits good water vapour barrier properties [1], comparable to those of 
petroleum-based plastics, such as polyethylene terephthalate (PET) or polystyrene (PS). Nonetheless, 
PLA is highly hydrophobic, with limited gas barrier capacity and it is very brittle, with less than 10% of 
elongation at break [2]; [3].  In order to face these drawbacks, one of the many conceivable options is 
to combine it with other biopolymers with complementary properties. Starch is a good candidate since 
it is widely available and cheap, while its films are extensible with good oxygen barrier properties [4]. 
However, starch films exhibit poor water vapour barrier capacity, being very water sensitive, and are 
not a resistant material, with relatively low tensile strength [5]; [6]; [7]. Since PLA is highly hydrophobic 
and starch hydrophilic, it is difficult to blend both polymers without phase separation, so different 
strategies have been analysed to combine these materials. Either starch or PLA have been modified 
with plasma treatment [8]; [9] in order to modify their hydrophobicity. Different compatibilizers have 
also been used to enhance the interfacial interactions between both polymers [10]; [11]; [12]; [13]. 
However, there have been few studies into the obtaining of PLA-starch bilayer films. Sanyang et al. 
[14] characterized starch/PLA bilayers obtained by casting, with different ratios of both polymers, and 
found that these bilayers exhibit lower water vapour permeability and better mechanical performance 
than starch films. Indeed, since starch and PLA exhibit complementary properties in terms of the 
barrier capacity and the mechanical performance, their combination in bilayer assembly could offer 
adequate materials to meet the food packaging requirements. PLA exhibits good barrier capacity to 
water vapour and starch to oxygen. Although PLA is more brittle than starch, it exhibits a good 
resistance that can enhance the strength of PLA-starch bilayers. Besides, more and more of the food 
available in the stores comes in high-tech plastic packaging multilayer films, ensuring longer-term 
preservation of the food than a monolayer structure. Likewise, the incorporation of active compounds 
into starch/PLA bilayers could, moreover, yield an active biodegradable food packaging material with 
optimised functional properties. In this sense, cinnamaldehyde (CIN), one of the major constituents of 
cinnamon bark oil (~ 60-90%) is a good option, since it has been classified as GRAS (Generally 
Recognized As Safe) by the FDA and it possess high antibacterial, antifungal, antiinflammatory and 
antioxidant activity [15]; [16]; [17]. Several studies have demonstrated that CIN could be potentially 
used, in different concentrations, as an effective antimicrobial agent, as observed by Baskaran et al. 
[18] for E. coli O157: H7 in apple juice and cider, by Amalaradjou et al. [19] for Enterobacter sakazakii 
in reconstituted milks or by Amalaradjou et al. [20] for E. coli in bovine meat pasties. CIN has also 
been included in different polymer matrices, such as PLA [21]; [22]; [23], starch [5], proteins [24] or 
alginates [25] to obtain active films.  
Thus, the objective of this study was to analyse the functionality of starch-PLA bilayer films obtained 
by compression moulding as packaging material, and the effect of cinnamaldehyde incorporation on 
their properties. For comparison purposes, PLA-PLA bilayers were also studied. Likewise, 
microstructural and physical properties of the films were analysed as well as thermal behaviour and 
molecular interactions through FTIR spectra.   
 
2. MATERIALS AND METHODS 
2. 1. Materials 
PLA resins: semicrystalline PLA LL700, density of 1.25 g/cm3, purchased from Ercros (Spain) and 
amorphous PLA 4060D, density of 1.24 g/cm3, for heat seal layer in coextruded oriented films, 
purchased from Natureworks (U.S.A) were used to obtain films by compression moulding and casting 
method respectively. Cassava starch was produced by Asia CO., LDT (Kalasin, Thailand) and 
purchased from Quimidroga S.A. (Barcelona, Spain) and glycerol used as a plasticizer for starch was 
provided by Panreac Química SLU (Castellar del Vallés, Barcelona, España).  Ethyl acetate, used as 
solvent for amorphous PLA, was obtained from Indukern S.A. (Barcelona, Spain) and trans-
cinnamaldehyde and Poly(ethylene glycol) (PEG 4000 g/mol) were provided by Sigma-Aldrich (Madrid, 
Spain). For the quantification of cinnamaldehyde, pure methanol, UV-IR-HPLC quality, was obtained 
from Panreac (Barcelona, Spain). Magnesium nitrate (Mg(NO3)2), used to reach a relative humidity 
(RH) of 53% for the starch film conditioning, was supplied by Vidra Foc S.A. (Barcelona, Spain) and 
phosphorus pentoxide (P2O5) was purchased from Panreac (Barcelona).  
 
2. 2. Film preparation 
Thermoprocessed monolayer films of starch (S) or semicrystalline PLA and cast films of amorphous 
PLA, with or without cinnamaldehyde, were obtained and combined to obtain S-amorphous PLA and 
semicrystalline PLA-amorphous PLA bilayer films.  
 
2. 2. 1. PLA monolayers obtained by casting (M and Mcin) 
Amorphous PLA pellets were used to obtain PLA monolayers, with and without CIN, by casting 
method from the film forming dispersions. PLA pellets were first dried at 60°C overnight to remove 
residual water and then dissolved in ethyl acetate at 10% (w/w) for 4 hours while being stirred at room 
temperature. CIN-free layers (M) were obtained as control films and, in the case of active layers (Mcin), 
CIN was dispersed at 2.5%, which means a PLA:CIN ratio of 10:2.5. Dispersions were poured into 15 
cm diameter Teflon plates at a solid surface density of 1.5 g/plate and solvent was evaporated 
overnight. Dried films were peeled off the casting surface and stored in a desiccator with silica gel 
(SiO2) at room temperature until further analysis or use to obtain bilayer films. The nominal 
concentration of CIN in dried films was 20 g/100 g. Ethyl acetate and amorphous PLA were chosen to 
prepare cast monolayers because this polymer can be adequately dissolved at room temperature in 
this food compatible solvent, thus minimising the risks of the solvent use, while cinnamaldehyde can 
also be incorporated in the solvent-polymer binary system. 
 
2. 2. 2. PLA monolayers obtained by compression moulding (PLA) 
Semicrystalline PLA pellets were first dried at 60°C overnight and then hot-mixed in a two-roll mill 
(Model LRM-M-100, Labtech Engineering, Thailand) at 200°C and 10 rpm for 10 min. The resulting 
paste (3 g sample) was then compression moulded in a hydraulic press (Model LP20, Labtech 
Engineering, Thailand). The steel sheets were pre-heated at 200°C for 4 min and compression was 
performed at 200°C and 100 bars for 4 min. A cooling cycle of 3 min until the temperature reached 
about 70°C was applied afterwards. The obtained films were maintained in a desiccator with SiO2 at 
room temperature until further analysis or use to obtain bilayer films. 
 
2. 2. 3. Cassava starch monolayers obtained by compression moulding (S) 
Starch was first hand mixed with glycerol (30 g/100 g of starch), water (55 g/100 g of starch) and small 
amount of PEG (0,5 g/100 g starch). The dispersion was then melt blended in a two-roll mill at 160°C 
at 10 rpm for 25 min. The obtained thermoplastic starch was conditioned at 53% RH (in a desiccator 
containing  oversaturated solution of Mg(NO3)2) at room temperature for 10 days. Starch films were 
also obtained by compression moulding. 4 g of sample (3.56 g dry solids) were placed onto steel 
sheets and pre-heated in a hydraulic press at 160°C for 1 min. Then, two step compression was 
performed at the same temperature; 50 bars for 2 min, plus 100 bars for 6 min. Afterwards, a cooling 
cycle of 3 min about 70°C was applied. The obtained films were maintained at 53% RH at room 
temperature until further analysis or use to obtain bilayer films. 
 
2. 2. 4. Starch (S-M, S-Mcin) and PLA bilayer films (PLA-M, PLA-Mcin) 
Bilayer films were obtained through thermocompression of the different monolayers. Either 
compression moulded PLA or S films were hot pressed with cast PLA films with and without CIN. 
Films were heated at 160°C and 100 bars for 3 min and cooled down until 70°C in 3 min. The nominal 
mass fraction of cast PLA film in the bilayers was about 0.3. Films were maintained in a desiccator 
with SiO2 at room temperature until further analysis. 
 
2. 3. Film characterization 
2. 3. 1. Quantification of cinnamaldehyde in the films 
The final CIN content in the films was determined by methanol extraction and spectrophotometric 
quantification. Film samples (1 cm side) were submitted to constant stirring for 24 h at 20°C in 100 mL 
of methanol. Then, absorbance was measured at 286 nm (maximum of absorption of the 
cinnamaldehyde in methanol) using a UV-visible spectrophotometer (Thermo Scientific Evolution 201, 
EEUU). The extract of the corresponding control film without CIN was used as a blank in each case. 
The calibration curve was obtained from the absorbance measurements of standard solutions of CIN 
and was used to determine its concentration in the films. 
 
2. 3. 2. Film thickness 
A hand-held digital micrometer (Electronic Digital Micrometer, Comecta S.A., Barcelona, Spain) was 
used to measure film thickness to the closest 0.001mm, at six random positions around the film. 
 
2. 3. 3. Microstructure 
The microstructural analysis of the cross-sections of the films was carried out by means of a Field 
Emission Scanning Electron Microscope (FESEM) (ULTRA 55, ZEISS, Germany). Film pieces, 0.5 x 
0.5 cm2 in size, were cryofractured with liquid nitrogen and fixed on copper stubs, platinum coated, 
and observed using an accelerating voltage of 2 kV. Observations were taken in duplicate for each 
formulation. 
 
2. 3. 4. Tensile properties  
A texture analyser (TA-XT plus, STable Micro Systems, Surrey, United Kingdom) was used to 
measure the mechanical properties of films. Strips of films (25 mm wide and 100 mm long) were 
mounted in the tensile grips (A/TG model) and stretched at a rate of 50 mm/min until breaking. The 
elastic modulus (EM), tensile strength at break (TS) and percentage of elongation at break (ε) were 
determined from stress-strain curves, obtained from force-deformation data. The experiments were 
carried out at 25ºC and eight replicates were made for each film, according to the ASTM D882 method 
[26]. 
 
2. 3. 5. Barrier properties 
The water vapour permeability (WVP) of the films was measured using a modification of the ASTM 
E96-95 gravimetric method [27], using Payne permeability cups (Elcometer SPRL, Hermelle/s 
Argenteau, Belgium) of 3.5 cm diameter. For each formulation, the measurements were replicated four 
times and the WVP was calculated following the methodology described by Gennadios et al. [28] at 
25°C and a 53-100% RH gradient, which was generated using an oversaturated Mg(NO3)2 solution 
and pure distilled water, respectively. To determine the WVP, the cups were weighed periodically, 
using an analytical balance (±0.00001 g), until the steady state was reached (about 2 and 5 days for S 
and PLA films, respectively). The slope obtained from weight loss vs. time was used to calculate WVP, 
according to ASTM E96-95 [27]. 
Oxygen permeability (OP) of the films was determined by using the ASTM F1927 method [29], using 
OXTRAN SL 1/50 MOCON equipment (U.S.A.). Measurements were taken in triplicate at 25ºC and 
50% RH. Film thickness was considered in all samples to obtain the OP values. 
 
2. 3. 6. Optical properties  
The internal transmittance (Ti) of the films was determined by means of a spectrocolorimeter (CM-
3600d, MinoltaCo., Tokyo, Japan) with a 10 mm diameter window. Ti was obtained as an indicator of 
the transparency of the films, by applying the Kubelka-Munk theory [30] for multiple scattering to the 
reflection spectra, as described by Pastor et al. [31]. Four measurements per film formulation were 
carried out. 
The gloss of the films was measured at a 60° incidence angle, using a flat surface gloss meter  
(Multi.Gloss 268, Minolta, Germany), according to the ASTM standard D-523 [32]. Samples were 
measured over a black matte standard plate. Results were expressed as gloss units, relative to a 
highly polished surface of standard black glass with a gloss value close to 100. Five replicates were 
made in three different films for each film formulation.  
 
2. 3. 7. Thermal analysis 
Differential scanning calorimetry analyses were carried out using a DSC (1 StareSystem, Mettler-
Toledo, Inc., Switzerland). Samples (5–10 mg) were placed into aluminium pans (Seiko Instruments, 
P/N SSC000C008) and sealed. Samples were heated from room temperature to 200°C at 10 K/min in 
order to analyse phase transitions in the films. Samples were kept at 200°C for 5 min, cooled to -10°C 
at -50 K/min, kept at -10°C for 5 min and heated again to 200°C at 10 K/min;  finally, they were cooled 
to 25°C at -100 K/min. An empty aluminium pan was used as reference. Each sample was analysed in 
duplicate. 
A thermo-gravimetric analyser (TGA/SDTA 851e, Mettler Toledo, Schwarzenbach, Switzerland) was 
used to characterize film thermal degradation. The analysis was performed from room temperature to 
600°C at 10°C/min under a nitrogen flow (50 mL/min). The initial degradation temperature (Tonset), i.e. 
the temperature at which 5% mass loss is registered, was recorded. The temperature at which the 
maximum degradation rate was observed (Tmax) was also determined. Each sample was analysed in 
duplicate. 
 
2. 3. 8. X-Ray diffraction (XRD) 
X-Ray diffraction analysis was performed on the films using a diffractometer (Bruker AXS/D8 Advance, 
Germany) at 40 kV and 40 mÅ . Scattered radiation was detected in an angular range of 5–50° (2 θ), 
at a step size of 0.05.  
 
2. 3. 9. Fourier Transform Infrared spectroscopy (FTIR) 
The vibration mode of the chemical groups in the films was assessed through attenuated reflectance 
ATR-FTIR analysis (Bruker, Tensor 27, Germany) within a wave range of 4000-400 cm-1. Samples 
were scanned 40 times with a resolution of 4 cm-1. Analyses were performed in triplicate on 
monolayers and on both sides of bilayer films. 
 
2. 3.10. Molecular weight distribution in amorphous and semicrystalline PLA   
In order to analyse differences in the properties of amorphous and semi-crystalline PLA, the polymer 
molecular weight distribution was analysed by using a Waters HPLC 1525 chromatograph equipped 
with a Waters 996 PDA detector by using a GPC column Tosoh Bioscience TSKGEL GMHHR-H. 
Polymer samples were dissolved at 0.5% in chloroform and eluted with this solvent at 1 mL/min. To 
obtain the calibration curve, polystyrene standards (TSK Standard, Tosoh Corporation, Japan) of 
known molecular weight were used. From the obtained chromatograms, Mw (weight average 
molecular weight), Mn (number average molecular weight), Mp (Molecular weight at the maximum 
peak) and PI (Polydispersity index) were determined. Analysis of each polymer sample was carried 
out in duplicate. 
 
2. 3. 11. Statistical analysis 
StaTgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD, U.S.A.) was used to carry out 
statistical analyses of data through an analysis of variance (ANOVA). Fisher’s least significant 
difference (LSD) was used at the 95% level. 
 
3. RESULTS AND DISCUSSIONS 
3. 1. Film microstructure and cinnamaldehyde retention. 
The cross-section micrographs of monolayers and bilayers are showed in Figures 1 and 2, 
respectively.  The starch micrograph did not show any granules, indicating the complete gelatinization 
of the polymer during thermal processing. Likewise, amorphous and semicrystalline PLA had a 
different appearance. Amorphous films exhibited the rubbery fracture, reflected in a higher frequency 
of stripes, whereas a rather brittle fracture was observed for semicrystalline PLA, exhibiting no plastic 
deformation. The incorporation of CIN to the PLA amorphous layer did not provoke appreciable 
structural changes.  
In the bilayer films, the two different layers of amorphous PLA and starch or semicrystalline PLA are 
clearly appreciable, as is the good adhesion of respective monolayers. No layer detachment was 
observed for either S-M or PLA-M films, whether or not they contained CIN. This indicates a good 
compatibility of both S and semicrystalline PLA with the amorphous PLA which, in turn, showed a very 
different molecular weight distribution. Semicrystalline PLA had a monomodal distribution with 
Mp=134,778 D (Mw= 590,062 D, Mn= 43,997 D, PI: 13.4), whereas the amorphous polymer exhibited 
a bimodal distribution with Mp1= 80,016 D and Mp2= 220 D; the latter peak was attributed to the 
plastizicing fraction in the sample. Therefore, the amorphous polymer had lower molecular weight 
(Mw= 106,226 D, Mn= 58,432 D, PI: 1.8)  and contained 40% of a low molecular weight fraction (Mw= 
275 D, Mn= 54 D, PI: 5), which exerts the plastizicing effect, thus contributing to the amorphous nature 
of the polymer. This low molecular weight fraction could positively affect the good layer adhesion at 
the interface of the bilayer films. 
Noticeable differences in the thickness of the layers can be observed in the micrographs for both 
mono and bilayer films, as also shown in Table 1. Every film with CIN was thinner than the 
corresponding CIN-free films. This difference points to the losses of the volatile compound both during 
the film preparation by casting and also during the thermocompression step of bilayers. In fact, a 
weight loss of 28.5% and 4.4%, respectively for starch and PLA bilayers with CIN was observed during 
thermocompression. A part of the mass loss of starch bilayers must be attributed to the water 
evaporation of starch conditioned sheet (11% water content). The thickness reduction in Mcin layer with 
respect to the M sample was about 9%, which would correspond to losses of about 45% in the 
incorporated CIN during the casting-drying process. The ethanol extraction of CIN from this film only 
yielded 11.7±0.8 g/100 g film, as opposed to the nominal concentration of 20%, which represents 
losses in the same range as those estimated from the thickness reduction.   
Likewise, the thickness of both bilayer sheets was reduced during thermocompression to a different 
extent, depending on the film. In fact, the overall measured thickness for bilayers was lower than the 
theoretical value (sum of each layer thickness). Two factors may contribute to this reduction: 1) flow of 
the sheets under pressure and heat in every case and 2) the losses of CIN when it was present in the 
films. The  thickness reduction of each sheet in bilayers was estimated from the FESEM micrographs. 
For S sheets, these reductions were 4 and 14%, when adhered to M and Mcin layers, respectively. For  
semicrystalline PLA sheets, these were 19 and 23% when adhered to M and Mcin layers, respectively. 
On the other hand, M and Mcin sheets were reduced by 40 and 64%, respectively, in S bilayers and by 
13 and 32%, respectively, in PLA bilayers. This indicates that the sheet flow was higher in the 
amorphous PLA layer, with or without CIN, followed by the semicrystalline PLA layer. CIN 
incorporation promoted the flow of both S and semicrystalline PLA layers, which suggests the CIN 
diffusion into these matrices from Mcin produced a plastizicing effect. The great thickness reduction of 
the PLA amorphous layer without CIN indicates the great flowability of this plastiziced material. When 
it contained CIN, a greater thickness reduction was observed, due to both the enhancement of the 
material flowability by the CIN plasticization and to the additional losses of this compound during the 
thermocompression step. The greater reduction in M or Mcin thickness that occurred when in contact 
with the starch was remarkable (40%, without CIN), which points to additional plasticization efects 
associated with the migration of some compounds from the starch layer to the M layer. The ethanol- 
extracted CIN from S and PLA bilayers yields 2.7 and 4.0 g/100g films, respectively. In contrast, the 
nominal CIN contents, estimated from the sheet weight ratio in the bilayer films, were 8.1 and 7.6 
g/100 g film, respectively. This indicates that greater losses of CIN occurred in the starch bilayers 
during thermocompression, which can be attributed to the steam drag effect associated with the water 




Figure 1. FESEM micrographs of cassava starch (S) (a) and PLA (b) monolayer films obtained by 
compression moulding and PLA films without (c) and with (d) cinnamaldehyde, obtained by the casting 





Figure 2. FESEM of the starch (top) and PLA (bottom) bilayer films without (left) and with 
cinnamaldehyde (right) obtained by compression moulding. Monolayers M and Mcin appear at the top 
of bilayers. 
 
3. 2. Physical properties 
Table 1 shows the tensile parameters of starch and PLA mono and bilayers: tensile strength (TS), 
Young modulus (EM) and percentage of elongation at break (ɛ). It is noticeable that amorphous PLA 
(M) is much more extensible than crystalline PLA, with Young’s modulus reduced by five. This different 
behaviour is mainly due to both the differences in the polymer’s molecular weight and the plasticizer 
effect, previously commented on. The processing method may also affect the film tensile behaviour. 
Indeed, films obtained by casting are more stretchable than those that are thermo-processed. Different 
authors [33]; [34]; [35]; [36] reported Young’s modulus of 1300-3000 MPa for thermo-processed PLA 
as opposed to 600-950 MPa for cast PLA films [14]; [21]; [37]; [38]. Both amorphous and 
semicrystalline PLA were stiffer and more resistant to fracture than starch films, although the latter 
was more extensible than semicrystalline PLA. CIN incorporation in amorphous PLA caused a drop in 
both film stiffness and resistance to break in agreement with the weakening effect in the polymer 
matrix associated with the CIN interactions with the PLA chains, which limits the inter-chain forces.  
When combining both types of PLA in bilayers, films exhibited a similar extensibility to semicrystalline 
PLA films, regardless of the presence of CIN, since this layer limits the extension capacity of bilayers. 
Nevertheless, the combination slightly reduced film stiffness, especially when CIN was present, while 
reducing resistance to break (by half) with respect to the semicrystalline PLA film. The greater 
a b 
c d 
reduction in the film stiffness when CIN was present could be due to the CIN diffusion into the 
semicrystalline layer, which weakened the PLA matrix by interfering with the chain associations. The 
reduction in the film’s resistance to break (to a similar extent regardless of the presence of CIN) could 
be due to the rupture at the layer’s interface level, where adhesion forces control the bilayer 
resistance.   
For starch bilayers, a noTable increase in the film stiffness was observed with respect to the starch 
monolayer when there was not CIN in the bilayer, with no significant changes induced in the 
resistance and elongation at break. Nevertheless, when Mcin bilayer was considered, no changes in 
tensile behaviour were observed with respect to the starch monolayer. This indicates that, with the 
presence of CIN, the starch-PLA bilayer was not notably reinforced, as compared to net starch layers. 
In general, CIN incorporation slightly promoted the films’ extensibility, while reducing the film’s 
stiffness in both mono and bilayers. This points to its plasticizing effect, as reported by Ahmed et al. 
[21]. 
 
Table 1. Thickness, tensile parameters (TS, EM, ε), water vapour (WVP: m.g.h-1.Pa-1.m-2) and oxygen 
permeability (cm3.m-1.s-1.Pa-1), internal transmittance (Ti at 600 nm) and gloss (at 60° incidence angle) 
of films. Mean values ±standard deviation. In bilayers, the mean gloss values for both sides of the 
films are shown, since no significant differences were detected between faces.  
Film Thickness (mm) TS (MPa) EM (MPa) ε (%) WVP OP x 1012 Ti (%) Gloss 60°
S 0.155 ±0.008 d 4.1 ±0.4 ab 51 ±13 a 75 ±7 c 10.2 ±0.2 c 0.123 ±0.017 a 86.00 ±0.05 a 29 ±1 b
PLA 0.141 ±0.012 c 49 ±6 e 1599 ±64 e 3.5 ±0.5 a 0.088 ±0.008 a 15 ±1 b 88.88 ±0.02 f 22 ±3 a
M 0.085 ±0.006 b 71 ±6 f 298 ±86 b 174 ±5 d 0.132 ±0.009 a 41 ±7 c 88.1 ±0.4 e 75 ±3 d
Mcin 0.077 ±0.013 a 44 ±5 d 11 ±3 a 184 ±3 d 0.122 ±0.013 a 3.8 ±0.2 a 87.7 ±0.3 cd 75 ±5 d
S-M 0.205 ±0.013 g 6.7 ±1.4 b 248 ±65 b 52 ±19 b 0.43 ±0.05 b 0.18 ±0.09 a 86.56 ±0.02 b 30 ±2 bc
S-Mcin 0.183 ±0.012 e 2.3 ±0.6 a 26 ±11 a 62 ±19 b 0.49 ±0.02 b 0.15 ±0.03 a 86.84 ±0.06 b 24 ±2 a
PLA-M 0.197 ±0.012 f 25 ±2 c 1487 ±44 d 1.9 ±0.3 a 0.097 ±0.009 a 4.0 ±0.7 a 87.4 ±0.2 c 32 ±2 c
PLA-Mcin 0.188 ±0.013 e 24 ±4 c 1211 ±52 c 2.3 ±0.5 a 0.061 ±0.006 a 4 ±2 a 87.9 ±0.2 de 31 ±2 bc  
Different superscript letters within the same column indicate significant differences between formulations (p<0.05). 
 
As concerns the barrier properties, starch monolayers showed the highest WVP and the lowest OP as 
reported by several authors [5]; [39]; [40]. Amorphous PLA films exhibited less barrier capacity than 
semicrystalline PLA, both for water vapour and oxygen; the latter was greatly enhanced by CIN 
incorporation. This effect may be due to the antioxidant properties of CIN which provide it with an 
oxygen scavenging capacity, thus reducing OP, as previously observed for other antioxidants included 
in polymer films [41]. 
In starch bilayer films, WVP was greatly reduced with respect to starch films, as observed by Sanyang 
et al. [14] for starch-PLA bilayers, while OP had similar values to those of the starch monolayer. In 
PLA bilayers, the WVP was similar to that of the semicrystalline PLA film, while OP was significantly 
reduced. The incorporation of CIN did not notably change the WVP or OP in the bilayer films, despite 
the observed OP decrease in Mcin. The obtained results showed a great improvement in the barrier 
properties of starch-PLA bilayers, which represented a 96% decrease in WVP with respect to the net 
starch films and a 99% decrease in OP with respect to the amorphous PLA films. Then, the assembly 
of starch and amorphous PLA exhibited very good barrier capacity for both water vapour and oxygen, 
which confers them adequate functionality for food packaging applications, meeting the requirements 
of a wide range of food products [42]. Amorphous-semicrystalline PLA assembly exhibited good water 
vapour barrier capacity, but higher oxygen permeability. The incorporation of CIN into the amorphous 
PLA sheet in bilayers did not introduce WVP changes since it did not affect this property in Mcin; 
however, the oxygen scavenging effect observed in Mcin was not reflected in bilayers, probably due to 
the great reduction in OP induced by the PLA assembly. This could be explained by the formation of a 
less oxygen-permeable zone at the interface associated with strong polymer interactions, as observed 
in FESEM images. 
As concerns the optical properties of the films, very similar values of Gloss and transparency were 
observed for the different mono and bilayers, except for cast PLA monolayers that exhibited higher 
gloss (Table 1). Gloss is directly related with the surface roughness of the films, whereas 
transparency, quantified by the internal transmittance (Ti), depends on the internal microstructure of 
the matrix and the distribution of the components, which produced more or less light scattering. The 
surfaced roughness can be greatly influenced by the film processing and composition. Indeed, 
semicrystalline PLA and starch films, obtained by compression moulding, had the lowest gloss value. 
In the case of monolayers, CIN incorporation did not affect the gloss as the films already had a very 
smooth surface. Nevertheless, this gloss was greatly reduced after thermocompression in bilayers, 
where no significant differences were observed between the gloss values on each side of the films. 
The internal transmittance of the films was high in every case, between 86 and 89%, which reveals a 
high degree of transparency and homogeneity. CIN incorporation barely changed Ti in starch bilayers 
but slightly decreased it in monolayers, while it was noticeable that the Mcin films were more yellowish 
than M films. It was shown that crystalline PLA films obtained by compression moulding were the most 
transparent, with a Ti comparable to that of synthetic polymers, such as poly(ethylene terephthalate) 
(PET) and poly(styrene) (PS) [43]. As for the PLA bilayers, a slight decrease in the film transparency 
was noticeable in comparison with the monolayers, coinciding with their greater film thickness.  
 
3. 3. Thermal properties 
Figure 3 shows the DSC thermograms of the different PLA-based films during the second heating 
scan. The absence of crystallization and melting in M and Mcin films is noticeable, which is due to the 
amorphous character of the polymer, only exhibiting glass transition. Nevertheless, for semicrystalline 
PLA films in both mono and bilayers, a crystallization exotherm was observed after the glass 
transition, followed by the subsequent melting at about 170°C, depending on the film. An excess 
enthalpy of relaxation (ΔHex) during the glass transition was also observed, as reported by other 
authors [44]; [45]. Likewise, another small exotherm prior to the melting endotherm appeared in mono 
and bilayer semicrystalline PLA films. This is associated with the α-α’ phase transition at ~160-165°C, 
as reported by several authors [1]; [46]. Table 2 shows the temperature and enthalpy of the different 
thermal events observed in every mono and bilayers during the second heating step, where the 
previous thermal history of the samples has been deleted and all samples were submitted to the same 
heating-cooling cycles. The glass transition temperature (Tg) of starch was in the range previously 
reported by other authors [47] and it decreased (∆Tg ≈27°C) in S-Mcin bilayers, thus indicating the CIN 
diffusion into the starch layer and its plasticizing effect, as previously pointed out from FESEM 
observations. This CIN plasticizing effect was also observed in amorphous PLA monolayer (∆Tg ≈7°C) 
and in PLA bilayers (∆Tg ≈16°C). A similar effect of CIN was observed by Ahmed et al. [48] in 
PLA/PEG blend films and by Qin et al. [23] in PLA/poly(trimethylene carbonate) films. Semicrystalline 
PLA had a higher Tg value than the amorphous one, according to the higher molecular weight of the 
semicrystalline product. However, in PLA bilayers, only one glass transition was appreciated to be 
closer to that of the semicrystalline fraction, according to its higher mass fraction in bilayer films and 
the potential diffusion of the low molecular plasticizing fraction of the amorphous product, which could 
also plasticize the semicrystalline layer. Indeed, the crystallization of PLA was also affected by its 
assembly with the amorphous PLA monolayer, mainly when this contained CIN. The crystallization 
temperature (Tc) drops by about 3 and 14°C in PLA bilayers without and with CIN, respectively, while 
the crystallinity degree (Xc) of PLA in the films decreased from about 27 to 8 and 5% in PLA bilayers, 
without and with CIN respectively. This behaviour also agrees with a greater plasticization of 
semicrystalline PLA in bilayer films due to the diffusion of either low molecular compounds from 
amorphous PLA layer or CIN. After glass transition, the decrease in Tc during the heating step of 
bilayers points to a faster crystallization, due to the fact that there is greater molecular mobility in the 
polymer in the more plasticized system. However, the melting behaviour of PLA in bilayers points to a 
less cohesive crystalline zone (lower Tm and ∆Hm), which suggests that the migrated compounds from 
the amorphous layer interfered with the crystalline arrangement, leading to an apparently lower degree 
of crystallinity (Xc) in the semicrystalline layers.  
Thus, the thermal analysis of the films revealed that CIN diffuses into the starch and PLA sheets in 
bilayer films, significantly decreasing the Tg of both starch and semicrystalline PLA and also enhancing 
the PLA crystallization kinetics (lower Tc), but reducing the final degree of crystallinity in the 




Figure 3. DSC thermograms of monolayers (S, PLA, M, Mcin) and bilayers (S-M, S-Mcin, PLA-M, PLA-
Mcin) from the second heating step.  
 
Table 2. Thermal properties of films obtained by DSC (second heating scan). Mean values ±standard 
deviation. PLA enthalpy values are expressed per g of semicrystalline PLA in bilayers.  
Film Tg S (°C) Tg PLA (°C) ΔHex (J/g PLA) Tc (°C) ΔHc (J/g PLA) Tm (°C) ΔHm (J/g PLA) Xc (%)
S 120.4 ±0.3 b n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PLA n.d. 58.7 ±0.2 d 0.28 ±0.08 a 107.0 ±0.2 b 31 ±1 c 174.8 ±0.2 b 57.1 ±0.4 b 27 ±1 b
M n.d. 44 ±5 b 0.8 ±0.3 b n.d. n.d. n.d. n.d. n.d.
Mcin n.d. 37 ±1 ab 0.8 ±0.2 b n.d. n.d. n.d. n.d. n.d.
S-M 123 ±3 b 50.62 ±0.06 c 0.22 ±0.02 a n.d. n.d. n.d. n.d. n.d.
S-Mcin 93 ±3 a 31 ±1 a n.d. n.d. n.d. n.d. n.d. n.d.
PLA-M n.d. 55.34 ±0.04 cd 0.14 ±0.02 a 103.8 ±0.2 b 13 ±1 a 174.6 ±0.4 b 20.8 ±0.5 a 8 ±1 a
PLA-Mcin n.d. 39 ±5 b 0.24 ±0.05 a 93 ±3 a 18.6 ±0.2 b 165 ±4 a 24 ±2 a 5 ±2 a  
Xc = (ΔHm-ΔHc)/ ΔH0; with ΔH0 = 96 J/g crystalline PLA (value from Kalish et al. [49]) 
n.d.: Non-detected 
Different superscript letters within the same column indicate significant differences between formulations (p<0.05). 
Thermogravimetric analysis (TGA) also revealed differences in polymer thermodegradation associated 
with the compression moulding of bilayers and the presence of CIN. Table 4 presents the onset (Tonset) 
and maximum degradation rate (Tmax) temperature values of films, while the TGA curves from 25 to 
600°C are shown in Figure 4.a).The Tonset of semicrystalline PLA was found to be around 320°C, with 
a total weight loss in a single step (maximum at 333°C), as observed by Muller et al. [1], this polymer 
being the most thermally sTable of the studied matrices. In all of the other films, two weight losses 
could be observed. The first one corresponds to water (in the case of S mono and bilayers) and/or CIN 
losses (in the films carrying the active compound), whereas the second most intense weight loss, 
occurring in a temperature range of 264-320°C (depending on the film), corresponds to the polymer 
matrix decomposition. A slight weight loss (5.2%) is also noticeable between 40 and 85°C in the 
amorphous PLA film (M), which can be associated with the degradation/vaporization of some 
molecular weight compounds present in the polymer, which were delayed in the Mcin films (~100°C), 
thus indicating interactions between CIN and these compounds. In fact, a DSC analysis of Mcin 
exhibited a small, broad exothermic peak between 70-200°C, which could be associated with the 
enthalpy reaction of CIN with some low molecular weight compounds present in the amorphous PLA. 
This peak did not appear in the second heating scan nor in bilayer films containing CIN, because the 
previous thermal treatment would already have promoted this reaction. In every case, the 
incorporation of CIN led to a progressive, slow weight loss from about 120°C, which was more marked 
in Mcin samples with the highest mass fraction of CIN. This also affected the Tonset of films, with PLA 
monolayers exhibiting the most significant difference, from 316 to 305°C. Starch films were the least 
thermally sTable in comparison with amorphous and semicrystalline PLA; the degradation step took 
place between 275 and 310°C, as reported by other authors [50]; [14]. Then, due to starch being less 
thermally sTable, the bilayers showed lower Tonset (268°C) and exhibited two degradation steps, as 
shown more clearly in Figure 4.b), through the first derivative of the TGA curves. S-M bilayers 
presented two well-defined peaks, related to the first degradation of the starch fraction and the 
subsequent degradation of the PLA fraction. However, when CIN was present, the second 
degradation step appeared as a shoulder, according to the lower ratio of the PLA layer, as deduced 
from FESEM images. No different steps were observed either for amorphous or semicrystalline PLA 
bilayers in line with the similar degradation behaviour of both amorphous and semicrystalline PLA. 
 
Table 3. Thermal degradation temperatures (onset value Tonset and value at maximum degradation 
rate Tmax) of the different films and of cinnamaldehyde (CIN) obtained by TGA. Mean values ±standard 
deviation. 
Film Tonset (°C) Tmax (°C) Weight loss (%)
S 275 ±3 c 285.0 ±0.2 bc 91 ±3 a
PLA 320.0 ±0.3 ef 333.0 ±0.2 f 100.0 ±0.0 b
M 316 ±2 e 329.7 ±0.5 de 100.0 ±0.0 b
CIN 208 ±3 a 217.9 ±0.2 a 100.0 ±0.0 b
Mcin 305 ±3 d 328 ±2 d 100.0 ±0.0 b
S-M 268 ±2 b 286.8 ±0.8 c 90.4 ±0.5 a
S-Mcin 264 ±2 b 284 ±2 b 89.8 ±0.9 a
PLA-M 320.1 ±0.5 f 335.3 ±0.4 g 100.0 ±0.0 b
PLA-Mcin 316.4 ±0.9 ef 331.5 ±0.9 ef 100.0 ±0.0 b  





Figure 4.a) Weight loss curves of mono and bilayer films with (dashed lines) and without CIN 
(continuous line) from TGA analysis, from 25 to 600°C, also showing the pure CIN thermal weight 
loss. b) Derivative curves of starch (S) and amorphous PLA (M) mono and bilayer films with (Mcin; S-
Mcin) and without (S, M; S-M) cinnamaldehyde.  
 
3. 4. Crystallization pattern in the films by X-Ray diffraction analysis 
Figure 5 shows the XRD patterns of film samples. The absence of crystalline peaks for amorphous 
PLA films is remarkable, regardless of the incorporation of CIN (M, Mcin), as observed by Gorrasi et al. 
[51] for amorphous PLA. On the other hand, semicrystalline PLA (PLA) showed the characteristic 
sharp peak at 2θ = 17°, associated with the helical 103 chain of PLA (α-form crystals) [52]. On the 
contrary, neat starch (S) presented a large amorphous scattering background with small diffraction 
peaks at 2θ = 12, 13.5 18.3, 20 and 20.7°, characteristic of a semicrystalline polymer with a low 
degree of crystallinity. In thermoplastic corn starch with glycerol, Shi et al. [53] found two peaks at 13.5 
and 20.9° and assigned them to a V-type structure, which is formed by the crystallization of amylose in 
single helices involving glycerol or lipids. It can be divided into two subtypes, named Va (anhydrous) 
with peaks at 13.2° and 20.6° and Vh (hydrated) with peaks at 12.6° and 19.4° [54]. Yang et al. [55] 
stressed that Vh-style crystallinity is induced by thermal processing where the strong interaction 
between hydroxyl groups of starch molecules was substituted by the hydrogen bonds formed between 
the plasticizer and starch during thermoplastic processing. The peak at 18° is associated with the 
intermediate form between Vh and Va crystallinity (hydrated and anhydrous lattices, respectively), 
according to Zobel et al. [56]. So, for the obtained thermo-processed starch films, both Vh and Va 
crystallinity was observed. The melting of the crystalline starch fraction was observed in the first 
heating scan of DSC between 110-200°C as a broad endotherm with a temperature peak at about 
150°C, as reported by López et al. [57], coherent with the coexistence of several crystalline forms. 
In the X-Ray diffractogram of starch bilayers, a similar dispersion band as that observed in the starch 
monolayer can be seen, indicating a similar crystallization pattern for the polymer regardless of the 
adhesion to the amorphous PLA sheet. XRD patterns of PLA bilayers exhibited some difference with 
respect to semicrystalline PLA, indicating the presence of different crystalline phases. Indeed, a new 
peak at 2θ = 19° was recorded; revealing the presence of α’-form crystals [49]. This peak showed 
lower intensity in the PLA-Mcin film, while the amorphous response was intensified. These results 
suggest that the diffusion of low molecular weight compounds or CIN from the amorphous PLA layer to 
the semicrystalline PLA during thermocompression slightly modified the crystallization pattern of PLA 
due to the promotion of chain interactions with these compounds. Thus, more unsTable crystal forms 
(α’) or crystallization inhibition was observed in PLA bilayers as deduced from the crystallization 
enthalpy values obtained by DSC. 
 
 
Figure 5. X-Ray Diffraction patterns of starch and PLA mono and bilayer films, with and without 
cinnamaldehyde.  
3. 5.  FTIR spectroscopy 
FTIR analysis was carried out on the films in order to identify interactions between film components, 
especially when CIN was incorporated. First, it is noticeable that the FTIR patterns of the different 
replicates of each film formulation exhibited great reproducibility, which indicates a high degree of 
homogeneity in the films. Figure 6 shows the different spectra, adequately grouped to better analyse 
the different features. The total correspondence of the spectra of M and M-S (obtained from the M 
layer) samples is remarkable (Figure 6.a)), revealing no changes at molecular level in amorphous PLA 
during compression moulding with the starch layer. This points to the absence of S-PLA grafting at the 
interface, although this process would only involve molecules at the interface, which could not give 
enough signal intensity. All of the characteristic peaks of PLA were observed in amorphous and 
semicrystalline PLA spectra in both monolayers (Figure 6.a)) and bilayers (Figure 6.b)). The main 
peaks correspond to the -C=O stretching vibration of the ester group of the polymer (1750 cm-1), the 
asymmetric and symmetric -CH3 deformation vibrations (1454 cm-1 and 1360 cm-1, respectively), the 
C=O bending (1265 cm-1), the -C-O-C- stretching of the ester groups (1182 cm-1), the C-O stretching 
(1130 and 1088 cm-1) and the -OH bending (1043 cm-1). A peak at 872 cm-1, ascribed to the -C-C- 
stretching of the amorphous phase was observed in both PLA films. Nonetheless, the peak at 754 cm-
1, associated with the -C-C- stretching in the crystalline phase was only seen in the semicrystalline 
PLA spectrum. 
Figure 6.c) shows the FTIR spectra of starch bilayer films from both starch (S-M) and amorphous PLA 
(M-S) layers. The starch layer spectrum is dominated by a broad band at 3300 cm-1, which is assigned 
to the stretching vibration modes of -OH groups belonging to starch, glycerol and adsorbed water [58]. 
Other characteristic bands of starch can be identified at 2928 cm-1 (C-H stretching), 1650 cm-1 (-OH 
bending) and 1078-930 cm-1 (C-O stretching), while the peaks at 854, 760 and 570 cm-1 are assigned 
to swing vibrational absorption peaks of the C-H bond of starch [59]; [60]. The characteristic 
absorption peaks of starch were not modified when starch was adhered to M or Mcin layers. This 
indicates that the potential interactions between starch and PLA chains at the interface are not 
revealed in the starch FTIR spectrum, nor did the CIN diffusion into the starch sheet affected the 
vibration modes of its chain chemical bonds.  
As concerns the active layers, Figure 6.d) presents the spectra of the amorphous PLA monolayer (M) 
together with the spectra of Mcin samples from both mono (Mcin) and bilayers (Mcin-S and Mcin-PLA). 
The spectrum of Mcin films showed the characteristic peaks of CIN at 1680 and 1630 cm-1, associated 
with  the stretching vibration of the aldehyde carbonyl group (C=O) and the unsaturated vibration peak 
of the benzene ring, respectively, as observed by other authors [61]; [62]. Another weak intensity peak 
was seen at 1522 cm-1, corresponding to the aromatic domain of CIN [48]. The same peaks also 
appeared in Mcin-PLA and Mcin-S films, with no change in their intensity, revealing that CIN was 
efficiently included into the bilayers through the amorphous PLA sheet. No significant peak 
displacement was observed for CIN signals in the films with respect to the pure compound (as 
described by other authors, Martinez-Abad et al. [61] and Wen et al. [62], which indicates that CIN 
interactions with the polymer are not intense enough to modify the molecular group vibration pattern. 
Then, Van der Waals and hydrophobic interactions between CIN and PLA chains could be assumed. 
The FTIR spectra of the films revealed the major presence of CIN in the amorphous PLA layer in 
which it was initially included and, although the diffusion of this compound into the starch or 
semicrystalline PLA sheets could occur, it was not quantitative enough to be evidenced through the 
reflectance FTIR spectra of the assembled layer. Likewise, the interactions between PLA chains and 





Figure 6. FTIR spectra of film samples a) Amorphous cast PLA (M) and starch bilayer films (M-S) from 
the M layer. b) PLA bilayer films from both semicrystalline (PLA-M) and amorphous (M-PLA) layers. c) 
Starch bilayer films from both starch (S-M) and amorphous PLA (M-S) layers. d) Amorphous PLA films 
with and without CIN in monolayers (M and Mcin) and with CIN in bilayers (Mcin-S and Mcin-PLA).  
 
4. CONCLUSION  
Amorphous PLA-starch bilayer films were successfully obtained by compression moulding of cast PLA 
layers containing or not cinnamaldehyde, and thermoplastic starch films, with very good adhesion at 
the interface. Despite the lower ratio of PLA sheet in the bilayer assembly (1/3 of the film thickness), a 
great improvement in the tensile and water vapour barrier properties was achieved with respect to the 
net starch films (S sample), the films maintaining high transparency and an oxygen permeability as low 
as that of net starch films. When cinnamaldehyde was included in the cast PLA sheet, films became 
thinner due to the losses of the volatile active during processing. Nevertheless, the improvement in the 
barrier properties was maintained but films exhibited lower mechanical resistance. The fitting of the 
cast layer thickness using a constant polymer surface density (g polymer/cm2) could mitigate this 
problem. PLA bilayers also exhibited lower oxygen permeability than the respective PLA monolayers, 
which could be associated with the good interfacial adhesion that created additional barrier efficiency. 
Thermal analysis revealed the diffusion of cinnamaldehyde or low molecular weight compounds from 
the cast PLA layer to the other sheets (starch or semicrystalline PLA) which contributed to plasticizing 
the amorphous regions and affected the crystallization pattern of PLA, as also revealed by the X-Ray 
diffraction analyses. Nevertheless, FTIR spectra did not evidence quantitative amounts of the active in 
these layers, probably due to the high dilution level of active in these thicker sheets of bilayer. The 
obtained results offer an interesting option to obtain high barrier-highly resistant active films from 
thermoplastic starch and amorphous PLA, including cinnamaldehyde in the ethyl acetate solution of 
the polyester; this solvent being food compatible, which reduces the risks associated with solvent 
residues and allows for the cold dissolving of amorphous PLA.  
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